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Impairment of the omp25 gene in Brucella spp. leads to attenuated strains and confers protection to the host.
Omp25 and Omp31, whose functions remain unknown, were the first characterized members of group 3 outer
membrane proteins (Omps) (25 to 34 kDa). Recently, genomic and proteomic approaches identified five new
putative members of this family, some of which are produced in B. melitensis or B. abortus. In the present study,
using protein microsequencing, we identified new members of group 3 Omps proteins produced in B. suis. Since
several monoclonal antibodies (MAbs) against Omp25 cross-reacted with other members of group 3 Omps, we
also performed Western immunoblotting to compare wild-type B. suis with mutants systematically having B.
suis omp25-related genes knocked out. We demonstrate the production of three paralogs of Omp31 and/or
Omp25 in B. suis, and the existence of a common site of signal peptide cleavage (AXAAD), which is very similar
to that present in the five homologous Omps of Bartonella quintana. The seven group 3 Omps were classified
in four-subgroups on the basis of percentage amino acid sequence identities: Omp25 alone, the Omp25b-
Omp25c-Omp25d cluster, the Omp31/31b subgroup, and the less related Omp22 protein (also called Omp3b).
Together with previous data, our results demonstrate that all new members of group 3 Omps are produced in
B. suis or in other Brucella species and we propose a nomenclature that integrates all of these proteins to
facilitate the understanding of future Brucella interspecies study results.

Brucellae are small, nonmotile, gram-negative coccobacilli
that are able to infect a broad range of wildlife and domestic
mammals. They remain a major zoonotic disease source affect-
ing humans worldwide and are also a focus of concern as
potential biological warfare agents (20). Although BrucelIa
spp. are not particularly host specific, three major (B. abortus,
B. melitensis, and B. suis) and minor (B. canis, B. ovis, and B.
neotomae) species each have distinct host preferences and
pathogenicities for humans (29). Malta fever (also known as
Mediterranean, Gibraltar, or undulant fever) and porcine bru-
cellosis—caused by B. melitensis and B. suis infection of hu-
mans, respectively—are usually by far more clinically apparent
than Bang’s disease (B. abortus infection), whereas among the
remaining species only B. canis causes anecdotal mild infec-
tions in humans (10).

The Brucella outer membrane was investigated to seek im-
munogenic and protective antigens for potential diagnostic and
vaccine applications. The major outer membrane proteins
(Omps) of Brucella spp. were thoroughly studied in this regard.
They were classified according to their apparent molecular
mass as 36- to 38-kDa Omps or group 2 porin proteins, and 25-
to 27-kDa and 31- to 34-kDa Omps which belong to group 3

proteins (8). Genes encoding group 2 porin proteins consist of
two genes, i.e., omp2a and omp2b, which are closely linked in
the Brucella genome and share a great degree of identity
(�85%). In the 1990s, two genes coding for group 3 proteins
were identified and named omp25 and omp31. The predicted
amino acid sequences of Omp25 and Omp31 share 34% iden-
tity (8). Studies using recombinant protein technology and
monoclonal antibodies (MAbs) have suggested that the major
Omps are not very relevant as antigens in infections with
smooth (S) B. abortus or B. melitensis, i.e., low or no protective
activity in the mouse model of infection, and low or no immu-
nogenicity during host infection. However, group 3 proteins, in
particular Omp31, appear as immunodominant antigen during
the course of infection with rough (R) B. ovis in rams and as
important protective antigen in the B. ovis mouse model of
infection (4, 15). Interestingly, B. abortus is the only Brucella
species in which omp31 (as part of a 25 kb DNA fragment) is
deleted (30).

The other well known Omp25 protein has been shown to be
involved in the virulence of B. melitensis, B. abortus, and B. ovis
(12–14). Mutants lacking Omp25 are indeed attenuated in
animal models of infection, and also provide levels of protec-
tion similar to or better than the currently used attenuated
vaccine strain B. melitensis Rev.1. These mutant strains are
thus interesting future vaccine candidates. The only putative
function of Omp25 in relation with Brucella virulence de-
scribed so far is its ability to prevent or inhibit TNF-� release
from macrophages (19). Another clue of the possible involve-
ment of Omp25 in virulence was recently obtained after an
analysis of B. abortus mutants. It was found that insertion of
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the Tn5 transposon in either gene of the two component bvrR/
bvrS system leads to attenuated strains. Analysis of the Omp25
and homologous protein contents in these mutants indicated
that impairment of the bvrR/bvrS system hinders the produc-
tion of Omp25 and Omp22 (also named Omp3b) (18). Hence,
it was hypothesized that attenuation is a consequence of the
absence of Omp25 or related proteins in B. abortus bvr/bvrS
mutants.

Analysis of B. melitensis 16M and B. suis genomic sequences,
revealed the presence of five other gene products homologous
to Omp25 or Omp31, and indicated the existence of a multiple
gene family for this type of Omps (11, 18). In the �-proteobac-
teria Bartonella quintana, whose growth requires an extraordi-
nary high hemin concentration in the medium (5, 26) it was
shown that the Omp, HbpA, acting as a hemin receptor pos-
sesses 34% amino acid sequence identity with Omp31. Both
proteins are heat modifiable and exhibit eight �-sheets which
appear to constitute a �-barrel structure in HbpA (23). Simi-
larly to Brucella, four other HbpA-related proteins were doc-
umented (HbpBCDE) from the B. quintana genome and a
recent study showed that these latter homologs are all pro-
duced in routine culture conditions (23).

The possible role of Omp25, which is just one member of an
enlarging Omps family, in Brucella virulence prompted us to
more carefully characterize putative proteins deduced from
genes related to omp25 and omp31 in B. suis and in some other
Brucella species. Indeed, other group 3 proteins identified in
the genome whose functions might be similar to that of Omp25
would merit further investigation with respect to the potential
development of new vaccines.

MATERIALS AND METHODS

Bacteria strains, plasmids, and growth conditions. B. suis 1330 (ATCC
23444T), B. canis (23365T), B. melitensis 16 M (23448T), B. ovis Reo 198, and B.
abortus 2308 strains were grown in tryptic soy broth medium (TS). For B. suis
derived mutants, TS was supplemented with kanamycin at 50 �g ml�1. Brucella
strains were grown for 16 to 20 h in TS at 37°C to the stationary phase (optical
density at 600 nm [OD600] of 1.4 to 1.6) and collected by centrifugation. The
pellets were resuspended in phosphate-buffered saline (PBS) to obtain an OD600

value of 0.5. From the various bacterial suspensions, 2-ml aliquots were sedi-
mented for 2 min at 13,000 � g and lysed in sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) sample buffer. Alternatively, pellets
were resuspended in 0.5 ml of minimal medium at pH 4.5 or 7 and incubated for
6 h at 37°C as previously described (1, 24). Plasmid constructs were amplified in
E. coli DH5� strain which was routinely grown in Luria-Bertani medium with
appropriate antibiotics.

Omps N-terminal microsequencing by Edman degradation. Brucella suis pel-
lets from 2 liters of stationary culture were washed by centrifugation in 800 ml
PBS and resuspended in the same volume of 25 mM ammonium acetate buffer
(pH 4.0) containing 120 mM NaCl and incubated at 37°C for 2 h with shaking.
Bacterial cells were sedimented by centrifugation and the supernatant was col-
lected, sterilized by filtration through a 0.2-�m-pore-size membrane filter (Sar-
torius, Palaiseau, France). Supernatants were then concentrated 20-fold through
a hydrophilic membrane (Amicon YM; Millipore, Bedford, Mass.) with a cutoff
of 10 kDa before protein precipitation with chloroform/methanol. Brucella pro-
teins were then separated on SDS–15% PAGE, blotted onto a polyvinylidene
difluoride membrane (Immobilon-Pseq; Millipore) and stained with Coomassie
blue. The four major spots between 25 and 30 kDa were subjected to Edman
degradation using ABI 431A automated peptide sequencing, as previously de-
scribed (1, 22).

Inactivation of the B. suis omp25 gene family by homologous recombination.
Knockout of genes homologous to omp25 was performed as previously described
(1, 19). Briefly, complete DNA sequences encoding B. suis Omp25 and Omp31
paralogs were amplified by PCR with appropriate primers derived from B.
melitensis 16 M or B. suis 1330 genomes. The primers used were: Omp25b

(forward, ATGTTTGGAGGGAACCATGAAC; reverse, CGAAACGCCATC
GCATTCCGTTGA), Omp25c (forward, TGTGGGACTATTTCCCGAGAG;
reverse, CTATCAGAACTTGTAAGCGACACC), Omp25d (forward, CAA
CGCCATTCTTATTAGGA; reverse, GTCGGCAATCAGAACTTATAGG),
Omp31b (forward, TATAGTGACAGACATTGGAGCC; reverse, CCGTTCC
AGTTCTCGATTTA) and Omp22 (forward, TACAAAATGTTCAAGCGTTG;
reverse, TTGGCCGGGAAAACCGGAGTAC). PCR fragments were intro-
duced into pGEMT (Promega, Charbonnières, France) or pBluescript (Strat-
agene, Amsterdam, Netherlands). The kanamycin resistance gene cassette was
inserted into each gene and these constructs were introduced into the suicide
vector pCVD442 after digestion with SphI and SacI. Double recombination was
verified by PCR amplification and Southern blotting on genomic DNA of B. suis
Kanr Amps sucrose-resistant clones. Clones in which the kanamycin resistance
gene cassette and the knocked out gene were in the opposite direction were
selected for further studies.

DNA manipulation and Southern blotting. Plasmid DNA was isolated from E.
coli according to standard procedures (25). DNA treatments with restriction and
modification enzymes were performed according to the manufacturer’s instruc-
tions. Restriction fragments were purified after separating bands on low-melting-
point agarose gels (Invitrogen, Cergy Pontoise, France) with a gel extraction kit
(Qiagen, Courtaboeuf, France). B. suis chromosomal DNA was prepared as
previously described (3). For Southern blotting, genomic DNA was purified and
digested with HindIII enzyme. Southern blotting was performed using Biodyne B
nylon membranes (Pall, Port Washington, N.Y.) with digoxigenin-labeled DNA
probes using a random priming kit (Roche, Mannheim, Germany).

Western blot analysis. Proteins of various Brucella strains were separated on
SDS–15% PAGE before transfer onto Immobilon polyvinylidene difluoride
membranes (Millipore) using a semidry transfer procedure. Omps immunode-
tection was performed with anti-Omp25 MAb, A59 05F01 C09 (6). Horseradish
peroxidase-conjugated goat anti-mouse antibodies (Jackson Immunoresearch
Laboratories Inc.) were used in combination with the ECL system (Amersham
Bioscience, Orsay, France) for chemiluminescence and visualization on Kodak
X-AR films (Sigma-Aldrich, Saint Quentin Falavier, France). The molecular
markers were from Amersham Bioscience.

Computer-based sequence analysis. The amino acid sequences of Omp25,
Omp31 and their homologs shown in Fig. 2 were deduced from the Brucella suis
genome available from The Institute for Genomic Research (http://www
.tigr.org), and primers used for gene amplification were taken from B. melitensis
genome available from the Institute of Molecular Biology and Medicine, Uni-
versity of Scranton, Scranton, Pa. Multiple sequence alignment of Omps amino
acid sequences was carried out with ClustalW, 1.60 (28) and the dendrogram
from MULTALIN (http://prodes.toulouse.inra.fr/multalin/multalin.html).

RESULTS

Existence of four Omps subgroups based on the percentage
amino acid sequence identity. Analysis of the Brucella suis
genome revealed the presence of five other paralogous of
omp25/31 gene products which were almost identical to their
B. melitensis homologs with the notable exception of one trun-
cated form in B. melitensis (BME I 0402). The correspondence
of the B. suis and B. melitensis gene designation in each strain
is given in Fig. 1A (last two columns). The B. melitensis gene
nomenclature was adapted in that each B. suis gene number is
preceded by a roman numeral to define its location on the
large (I) or small chromosome (II). Note that all genes were
found to be located in chromosome I, except the omp31 gene.
Further, the genes described in row 3 and row 4 are contigu-
ous. For example in omp25c and omp25d genes are numbered
I 119 and I 118 in B. suis, and I 1830 and I 1829 in B. melitensis.

Distance matrix analysis carried out with B. suis group 3
Omps confirmed the existence of four distinct subgroups (Fig.
1A) as reported for B. abortus (18). Compared to Omp25,
amino acid sequence identities of about 40% were found with
a subgroup of three Omp25-like proteins named Omp25b,
Omp25c, Omp25d, and about 30% with Omp31 and Omp31b,
while the amino acid sequence identity between Omp25 and
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Omp22 was only 25% (Fig. 1B, first column). Omp22 name
refers to its calculated mass of 22 kDa but was also called
previously Omp3b (18). Within the three member subgroup
(Omp25b, Omp25c, and Omp25d), the amino acid sequence
identity was around 60%, while it reached 67% between
Omp31 and its counterpart Omp31b. With these values taken
into account, a dendrogram was designed to visualize the var-
ious subgroups (Fig. 1A). It also indicates the proposed no-
menclature with corresponding gene numbers in the B. suis
and B. melitensis genome. Besides the Omp25 alone, each gene
of three-member subgroup related to Omp25 was named
Omp25 plus one letter b, c or d. Omp31 and its related gene

product called Omp31b also formed another subgroup. Finally,
for the last gene product, the nomenclature Omp22 was chosen
to indicate that this protein is somewhat different from the
other Omp25/31 of the family. For the formerly characterized
Omp25 and Omp31, the postfix letter “a” was omitted in order
to keep their original names.

N-terminal Edman degradation analysis highlights the sig-
nal peptide cleavage site of all Omps. In an attempt to analyze
the proteome of proteins released in the acidic medium by B.
suis, we isolated a fraction enriched with group 3 Omps (Boige-
grain and Rouot, manuscript in preparation). N-terminal mi-
crosequence analysis of four proteins with an apparent molec-
ular weight of 25 kDa and above provided three unambiguous
N-terminal sequences (Fig. 2, see underlined sequences in
rows 1, 2, or 3 and 6). As expected, one amino acid sequence
corresponded to the Omp25 protein while the second one
matched either Omp25b or Omp25c since the first 31 amino
acids of the mature proteins were identical. The last sequence
fitted with Omp31b but not with the well known Omp31. The
fact that these three sequences started with the same two
amino acids (AD) and possessed an identical PAPV stretch
clearly indicated that B. suis produced Omp25/31 paralogs.
Some of these potential group 3 Omps were already charac-
terized by a proteomic approach. Hence, the one that we called
Omp22 was described in B. abortus 2308 and also named
Omp3b (18), while Omp25b and Omp25c homologs were iden-
tified in the B. melitensis proteome (31). Our detected N-
terminal sequences which matched Omp25b and Omp25c, re-
vealed the biosynthesis of at least one of them in B. suis. The
third N-terminal microsequence was found in the deduced
amino acid sequence of the omp31b paralog of omp31, dem-
onstrating the production of Omp31b in Brucella spp for the
first time.

Alignment of N-terminal amino acid sequences of the seven
members of the Omp25/31 family revealed a consensus se-
quence (AXAAD) about 20 amino acids downstream from the
N-terminal end. The presence in this conserved sequence of
AD, i.e., the first two amino acids of our three microsequences,
strongly suggested that a signal peptide of 19 to 24 amino acids
was cleaved for all proteins within this stretch (Fig. 12 [see
vertical arrow]). This finding indicated that translation of the
B. melitensis Omp22 protein started, as for the B. suis homolog,
27 amino acids upstream from methionine, as initially pre-
dicted in the genome annotation (Fig. 2, last row). Sequence
alignment also showed that among the 25 amino acids con-
served in the 7 matured proteins, 13 were glycine residues
(data not shown). Since they were located in domains pre-
dicted to adapt � sheet structures (8, 18), it could be hypoth-
esized that these glycine residues play a key role in mainte-
nance of the tertiary structure needed for the protein to
function.

Immunological detection and characterization of Omp25
paralogs. We then investigated whether the production of dif-
ferent members of Brucella group 3 proteins could be assessed
immunologically. We reasoned that because of their relatively
high degree of similarity some MAbs directed against Omp25
might also recognize other members of this Omps family (6, 7).
A previous report (18) together with the above cleavage site
results permitted us to localize, within the first 17 amino acids
of the mature Omp25, the domain of epitopes recognized by

FIG. 1. Global analysis of mature group 3 Omp proteins deduced
from the B. suis genome sequenced by TIGR. (A) Neighbor-joining
tree derived from distance matrix analysis of the group 3 Omps se-
quences. 10 PAM; 10 percent or point accepted mutations. It also
indicates the correspondence between the proposed names and the
gene numbers reported in the respective annotations of the B. suis and
B. melitensis genomes. The roman numerals I and II before the gene
number refer to large and small chromosomes, respectively. Note that
the genes numbering in the large chromosome of the two species are
in the opposite direction. (B) Percentage of identity between the pro-
teins matured form compared two by two. Percentages around or
above 60%, are shown in bold character, and allowed clustering of two
multiple partner subgroups; the Omp25b-Omp25c-Omp25d on one
side and the previous Omp31 together with Omp31b on the other. This
panel also indicates the theoretical pI value of the various group 3
Omp proteins. Note that like Omp22, the theoretical 9.2 pI value of
Omp25d is strongly basic compared to pI values of 4.6 of the two other
members of the subgroup. * In contrast to the genome annotations,
these two B. melitensis proteins are likely as long as those described for
B. suis (Fig. 2). **, in B. melitensis, the Omp31b is truncated (see
discussion).
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three specific MAbs, including MAb A59 05F01 C09 (Fig. 2).
In order to specify which proteins might be recognized by the
antibodies, we individually knocked out the newly found group
3 Omps genes. Insertional inactivation of B. suis genes fol-
lowed by homologous recombination (1) was successfully car-
ried out for most genes, as verified by PCR on the genomic
DNA (data not shown). However, in our hands, no clone could
be obtained in which omp31b had properly inserted the kana-
mycin resistance gene cassette. Preliminary experiments indi-
cated that MAb A59 05F01 C09 and to a lesser extent A19
12B10 F4 permitted Western blot detection of proteins of
lower electrophoretic mobility than Omp25. Indeed, the films
had to be overexposed to detect MAb cross-reactivity on mem-
branes (Fig. 3). Examination of immunostaining obtained with
the various B. suis omp mutants revealed that Omp25b exhib-
ited the highest apparent molecular mass (about 34 kDa),
followed by Omp25c (31 kDa). The inactivation of omp25
unmasked a faint labeling slightly above the bulk staining of
Omp25. This reproducible labeling was also present when no
proteins were loaded in adjacent tracks and corresponded to
Omp25d (Fig. 3, lane 3).

The absence of some Omps could modify the production of
others. Thus, compared to the B. suis parental strain (WT),
inactivation of omp25c, omp25d and omp22 substantially in-
creased Omp25b production (and Omp25c when present in the
strain) (Fig. 3). On the contrary, the faint Omp25c labeling
seen in the WT strain could not be detected in the omp25
mutant. Curiously, complementation of the omp25 (25�/�)
gene led to an increase in the Omp25b protein level although
the Omp25 production was similar to that of the parental
strain. Because of the very peculiar N-terminal sequence of
Omp22, immunodetection of this protein was not expected and
the absence of labeling could not be interpreted as a lack of
Omp22 production in B. suis.

Further, we determined whether or not our A59 05F01 C09
MAb could also detect additional Omps in other Brucella spe-
cies grown under routine culture conditions. Comparison of
the staining of B. suis with other species indicated that only B.
melitensis produced similar among of Omp25b (Fig. 4, odd-
numbered lanes). On the contrary, B. canis, B. ovis, and B.
abortus did not produce enough Omp25b to be detected under

our experimental conditions. The reason for such absence
(lack of gene or lack of protein production) remains to be
determined.

Omp25 paralogs production and Brucella virulence. Since
Omp25 production is suspected to play an important role in
Brucella virulence (12–14, 18), we further investigated whether
the production of group 3 Omps could be altered under vari-
ous culture conditions. Indeed, it was shown that the produc-
tion of VirB proteins composing the type IV secretion system
were initiated (B. suis and B. canis) or increased (B. melitensis,

FIG. 2. Alignment of N-terminal amino acid sequences deduced from genes present in the B. suis genome which are homologous to omp25/31.
The underlined amino acid sequences were obtained by Edman degradation. The vertical arrow points to the peptide signal cleavage site. The first
amino acid of the second row, depicted here V, was encoded by the alternative initiation codon GTG. V and M in boldface type in the fifth and
seventh sequences, respectively, were initially considered as the first translated amino acid in B. melitensis omp22 and omp31 genes. The epitopes
recognized by several MAbs against Omp25 such as A59 5F1 C9 are indicated between arrows above the Omp25 sequence (18). Dark shading
indicates amino acids conserved in all N-terminal sequences of Omp25/31 family. Light gray shading points to additional amino acids conserved
in the Omp25b-d subset some of which are also present in either Omp25 or Omp31/31b but not in Omp22.

FIG. 3. Immunological characterization of Omp25 family members
by Western blotting. Knock out of individual B. suis omp25 paralogous
genes was carried out as previously described in Materials and Meth-
ods. The different Brucella strains were grown at 37°C in TS broth rich
medium to the stationary phase. Proteins were separated on SDS-
PAGE (15% polyacrylamide), blotted and immunodetection was per-
formed using enhanced chemiluminescence (ECL; Amersham Bio-
science) with the monoclonal antibody A59 05F01 C09 directed against
the N-terminal epitope of Omp25 (2). The same membrane was ex-
posed for 5 min (upper panel) and 10 s (lower panel). Staining de-
tected at about 26 kDa in the omp25 mutant was always observed and
might be due to the presence of the Omp25d protein. The arrow on the
left side refers to the 29-kDa marker.
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B. ovis, or B. abortus) when grown in acidic nutrient-deprived
medium (24). Figure 4 shows the Omp25 immunoreactivities
obtained with the different strains incubated in deprived nu-
trient media at pH 7.0 (odd lanes) or pH 4.5, i.e., VirBs in-
ducing conditions (even lanes). The lower panel of Fig. 4
clearly indicates that the Omp25 contents were roughly the
same in all Brucella species tested, while Omp25b was present
only in B. suis and B. melitensis. Interestingly, 6-h incubation of
the various bacteria in acidic medium did not affect the Omp25
content, but strongly reduced the Omp25b content. It remains
to be determined whether the difference in Omp25b produc-
tion was due to a differential rate of turnover or transcription.

We then evaluated whether the bvrS/bvrR two component
system required for the production of B. abortus Omp25 (18)
was also needed for B. suis Omp25 production. However, many
attempts to knock out this two component system failed for
unknown reasons. It should be noted that the B. abortus strains
inactivated on bvrS or bvrR used in all previous studies were
obtained by transposon mutagenesis and not by an appropriate
resistance gene cassette insertion and homologous recombina-
tion. In agreement with this observation with B. abortus,
Köhler et al. recently isolated in a macrophage survival screen-
ing test, several viable mutants in which the miniTn5 had been
inserted in B. suis bvr genes (21). Interestingly, when using
these bvrS/bvrR transposon mutagenized B. suis mutants, no
significant differences in Omp25 or Omp25b and Omp25c con-

tent compared to the WT B. suis were observed by immuno-
blotting (data not shown). This finding indicated that a func-
tional bvrS/bvrR system was not directly involved in Omp25
production in B. suis.

DISCUSSION

On the basis of the present study and previous reports, it
appears that all proteins deduced from new group 3 Omps
genes found in B. melitensis and/or B. suis genomes were pro-
duced in some Brucella species under routine culture condi-
tions. Omp25 and Omp25b were thus identified in B. suis and
B. melitensis. The absence of Omp25b cross-immunoreactivity
in the other Brucella species examined indicates that this pro-
tein is poorly or not at all produced in vitro. Omp25d, with a
very basic pI value, has not yet been clearly identified in B. suis
and B. melitensis. However, it might correspond to spot 9 (pI
�8.5) detected immunologically in B. abortus by Guzman-
Verri et al. (18). Omp31b identified in B. suis in the present
study was not detected by the proteomic approach carried out
by the Delvecchio group (31). This is not surprising since there
is a 232-nucleotide deletion at the 5� end of the B. melitensis
omp31b gene. This deletion, further confirmed by N. Vizcaino
(personal communication), leads to a protein devoid of any
signal peptide and thus is nonfunctional. Several Omp22 iso-
forms have been characterized by mass spectrometry in B.
abortus species (18) but not yet in other species. All putative
Brucella Omps can thus be produced and we hypothesize that
they are located in the outer membrane of the bacteria, based
upon (i) their high similarities with the well known outer mem-
brane protein Omp25/31, (ii) possession of a C-terminal phe-
nylalanine (27), and (iii) the confirmation or prediction of a
secretory signal peptide. With regards to this latter point, the
cleavage site within the AXAAD Brucella sequence is very
similar to that of B. quintana Omps (XQAADV) leading to
proteins which started with an AD dipeptide in both bacteria.

To facilitate and clarify future studies carried out with var-
ious Brucella species, a nomenclature including all known
members of the groups 3 Omps family was elaborated (Fig. 2,
upper panel). It has two main advantages. First, the names of
the originally identified Omp25 and Omp31 proteins remain
unchanged, thus allowing unambiguous bibliographic searches
for past articles. Secondly, the nomenclature takes into ac-
count the existence of four subgroups in the whole family
based on the percentage amino acid sequence identities be-
tween members. The gene or protein names immediately in-
dicate the subgroup to which the protein belongs: Omp25,
Omp25 � one letter (three members), Omp31 (	 a letter) and
Omp22. Moreover, this amino acid sequence identity based
classification might also correspond to different functions. In-
terestingly, when identities between Brucella and Bartonella
Omps were determined, we found that Hbps exhibited a higher
percentage identity with the three-member Omp25 b-Omp25c-
Omp25d subgroup (up to 37%) than with Omp31 (33%),
Omp25 (31%), or Omp22 (25%). This finding indicates that all
Bartonella Hbps are not distributed in the four distinguishable
categories of Brucella but are closely related to the three-
member Omp25b-Omp25c-Omp25d subgroup. In this context,
it is worth noting that the hemin binding property first dem-

FIG. 4. Assessment of the presence of members of Omp25 family
by Western blotting on various Brucella strains incubated in nutrient-
deficient medium either at neutral or acidic pH. Wild-type B. suis, B.
canis, B. melitensis, B. ovis and B. abortus A2308 bacteria were grown
to the stationary phase in TS at 37°C. Aliquots of 2 ml with OD values
adjusted to1.5 were washed in PBS by centrifugation. The resulting
pellets were resuspended in either minimal medium at pH 7.0 (odd-
numbered lanes) or pH 4.5 (even-numbered lanes), and further incu-
bated for 6 h at 37°C. The presence of Omp25 paralogs was evaluated
by Western blotting using the A59 05F01 C09 monoclonal antibody.
The same membrane was exposed for 4 min (upper panel) and 15 s
(lower panel). The data shown are from one representative experiment
of the two performed. The arrow on the left side refers to the 29 kDa
marker.
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onstrated with HbpA, is also shared by other members of the
Bartonella Hbp family (23).

This study also provided evidence of the differential produc-
tion of Omp25 in various Brucella species. Hence, besides the
presence of Omp25 with or without (B. abortus) Omp31, each
Brucella species possesses a typical pattern of different group3
Omps. Methods used to identify Omps (two-dimensional ma-
trix-associated laser desorption ionization–time-of-flight, mi-
crosequencing, cross-immunological reactivity) were qualita-
tive and did not enable us to quantitatively determine the
relative distribution of Omps in each species. Although the
first identified proteins (Omp25 and Omp31) appear to be the
major ones of group 3, the relative contents of all group 3 Omp
members might have to be reassessed with antibodies directed
to epitopes identical among the whole Omps family in order to
validate this assumption. Similarly, the numerous immunolog-
ically identified Omp25 isoforms might have to be reconsid-
ered in the light of the cross-reactivity of MAbs against Omp25
subgroups. In this regard, Brucella mutants with each omp gene
knocked out clearly established that Omps of group 3 exhibit-
ing an apparent molecular weight higher than 30 kDa on SDS-
PAGE did not derive from omp25 but rather from omp25b and
omp25c genes. The very slow electrophoretic mobilities of
these proteins compared to their theoretical molecular weights
might result from posttranslational modifications in these new
Omps. It was suggested that Omp25 is covalently linked to
peptidoglycan (9) or LPS molecules (16, 17), and proteomic
studies should confirm whether or not this applies for Omp25b
and Omp25c.

The fact that the impairment of the B. suis two component
bvrR/bvrS system did not hinder the production of the various
Omp25/31 proteins indicates that these Omps were not in-
volved in the virulence attenuation of the bvrR/bvrS mutants of
B. suis. This contrasts with observations on the corresponding
bvrR/bvrS B. abortus mutants which have lost their ability to
produce Omp25 and Omp22 (18). Indeed, B. abortus differs
from B. suis in that it is the only species which cannot produce
Omp31 because of the 25 kb DNA deleted fragment including
omp31 (30). Thus, the absence of Omp25 in the B. abortus
bvrR/bvrS mutants would possibly result from the concomitant
lack of the bvrR/bvrS system and Omp31 (or another protein
encoded by the missing DNA fragment). To validate or refute
this assertion, it would be interesting to investigate whether or
not blockade of the bvrS/bvrR system hinders Omp25 produc-
tion in the other Omp31 producing Brucella species. As far as
the interrelation of group 3 Omps production is concerned, the
enhanced production of Omp25b, after other omp genes had
been knocked out, suggests the existence of compensatory reg-
ulation between expressed genes, as reported for Bartonella
homologous proteins (23). However, omp gene expression ex-
hibits some degree of autonomous regulation since, under in
vitro VirB inducing conditions, the level of Omp25b is de-
creased independently of that of Omp25.

Finally, it appears that conserved amino acids in the group 3
Omps family are located in the predicted eight transmembrane
�-strands and in the intracellular loops joining them, thus
defining the bulk structure of proteins of this family. Since
inter-Omp variations mainly concern the length and composi-
tion of the extracellular loops, these variations might confer
differences in protein functions such as binding capacities. Fur-

ther research is clearly needed to achieve progress on charac-
terization of the function of each member of group 3 Omps,
and determination of their respective involvements in strain
attenuation or virulence. The knock out mutants described
here will be very helpful in this quest.
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